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An in vitro Isosoora suis sporozoite neutralizing antibody assay has been developed 
in swine testicular (ST) cells. This assay measures the titer of neutralizing antibodies 
present in sera, milk and monoclonal antibody culture fluids by determining both the 
amount of intracellular sporozoites by immunofluorescence and the cytopathic effect in ST 
cells. A monoclonal antibody against the apical complex of 1. suis sporozoites inhibited the 
infection of sporozoites in vitro. Hyperimmune sera produced in goats and guinea pigs 
inhibited sporozoite infection in ST cells. Milk samples from gilts vaccinated with I. suis 
contained neutralizing antibodies, however the titers did not correlate with protection 
observed in nursing pigs after challenge. 
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INTRODUCTION AND REVIEW OF LITERATURE 
!XSPW Sk was first described by Biester and Munay in 1934 and was isolated 
from pigs in Iowa (Biester & Mumay, 1934). In 1978, the organism was recognized to be 
of major clinical and €COnomic imp~rhnce when it was identified as the pathogen that 
caused neonatal Porcine coccidiosis (Stuart et al., 1978). I. suis, a m i d i a l  parasite, is an 
obligate intracellular protozoan that causes disease in nursing pigs that are less than two 
weeks of age. The genus Isoswra is assigned to the phylum Apicom~lexa and family 
Eimeridiidae. There are nine different species of coccidia that are found in swine in the 
United States (Lindsay et al., 1984a) but Isospora suis has been the only one shown to 
cause neonatal coccidiosis (Stuart et al., 1978; Tubbs, 1986). The other eight coccidia are 
species of Eimeria which have not been shown to cause disease in pigs (Lindsay et al., 
1984a). 
Isospora suis is distibuted worldwide and has been associated with porcine 
coccidiosis in the United States (Stuart & Lindsay, 1986; Lindsay, 1989; Tubbs & Dekich, 
1986; Fitzgerald et al., 1988; Johnson et al., 1992; Bergeland, 1981; Marti & Hale, 1986; 
Jarvinen, 1990; Vetterling, 1966), Canada (Robinson & Morin, 1982; Lindsay, 1990), 
Sweden (Nilsson & Martinsson, 1984), Brazil (Sayd & Kawazoe, 1996), Australia 
(Driesen et al., 1993), Germany (Otten, 1995) and the Netherlands (Eysker et al., 1994). 
Since 1980, I. suis has been isolated from 11-22% of preweaning diarrhea cases (Stuart & 
Lindsay, 1986; Lindsay, 1989; Fitzgerald et al., 1988; Johnson et al., 1992; Burkhardt, 
1995; Lindsay, 1990); 11-18% of postweaning diarrhea cases (Fitzgerald et al., 1988; 
Johnson et al., 1992; Burkhardt, 1995); and 12-18% of all porcine diarrhea cases 
(Bergeland, 1981; a u t h  Dakota ADRDL, 1989-95) submitted to United States diagnostic 
lahratories. Fecal samples collected from herds throughout the United Stales have 
indicated a 30 to 90% prevalence of I. suis (Tubbs & Dekich, 1986; Jarvinen, 1990). 
1. suis causes non-hemorrhagic diarrhea in nursing pigs that occurs primarily 
-- 
between five and fourteen days of age (Lindsay, 1989; Tubbs, 1986). Generally, diarrhea 
develops approximately 4 to 6 days post-infection (PI) and continues for a duration of 5 or 
6 days (Robinson et al., 1983; Tubbs, 1986). Pigs infected with this parasite have a high 
morbidity rate but a low to moderate mortality rate (Lindsay et al., 1985; Stuart et al., 
1978). 
The morbidity caused by an I. suis infection results in decreased growth rates and 
unthriftiness in pigs. This, in turn, causes high economic losses to swine producers 
(Waddell, 1993; Dudley, 1990). The additional time and feed it takes for an I. suis infected 
pig to reach market weight depends on the extent of the infection and damage to the 
intestinal mucosa (Stuart, 1982). It has been indicated that pigs with diarrhea for 4 days 
have average weight gains of 0.11 pound per day less than their healthy littermates from 
birth to market (Waddell, 1993). I t  is this additional time and feed necessary for an I. suis 
infected pig to reach market weight that causes economic losses to the swine industry. 
The life cycle of Isospora suis is complex and consists of three distinct phases - 
sporogony, excystation and endogeny. Studies of various aspects of these three life cycle 
phases have been reported by Lindsay, et al. (Lindsay et al., 1980; Lindsay et al., 1982; 
Lindsay et al., 1983~). Sporogony occurs outside the host while excystation and endogeny 
occur inside the host. The exact mechanisms of these life cycle phases are not completely 
understood (Dubremetz, 1993). 
Sporogony. 
Sporogony, or the exogenous phase, is the part "of the life cycle that occurs outside 
the host in the environment in which the unsporulared noninfectious cmcyst develops into 
the sporul;lted, infectious (n)cystU (Lindsay & Todd. 1993). Temperature, moisture and 
oxygen conditions ~ ~ u s t  be optimal for sporulation to occur. Optimal sporulation occurs 
between 20°C and 37OC and is inhibited at temperatures less than 200C and greater than 
37OC (Lindsay et a]., 1982; Lindsay, 1990). Sporogony is an aerobic process that requires 
adequate oxygen for respiration (Lindsay, 1990; Lindsay & Todd, 1993). Unsporulated !, 
suis oocysts, measuring approximately 21.2 X 17.9 mm, are passed in the feces and 
-
contain a uninucleate sporont with a peripherally located nucleus (Lindsay et al., 1982). 
One to two "hazy bodies" are located in unsporulated oocysts between the sporont and the 
oocyst wall (Lindsay et al., 1980; Lindsay et al., 1982; Tubbs, 1986). These translucent 
"hazy bodies" are a diagnostic characteristic of unsporulated 1. suis oocysts in fecal 
samples. At the beginning of sporogony, a nuclear division occurs in which the sporont 
divides into two uninucleate sporoblasts. Each sproblast then undergoes a nuclear 
division that results in the formation of a sporocyst. A final nuclear division results in the 
production of four sporozoites in each sporocyst (Lindsay et a]., 1982; Lindsay, 1990). 
Thus, a total of three nuclear divisions occur throughout the sporogony phase of the life 
cycle. 
Excystation. 
Excystation is the phase of the life cycle that occurs in a newly inoculated host 
following the ingestion ofsporulated, infectious oocysts. Excystation is a two-step 
process consisting of the alteration of the oocyst wall followed by the alteration of the 
sporocyst wall. The oocyst wall is altered in vivo by hydrochloric acid in the stomach. It  
is altered in viiro by sodium hypochlorite (Lindsay et al., 1983~). The alteration of the 
oocyst wall facilitates permeablility of bile salts and pancreatic enzymes (Lindsay & Todd, 
1993). especially trypsin, which activates the sporomites (Lindsay, 1990; Lindsay & 
Todd, 1993). Activated sporomites enter the intestinal lumen when pancreatic enzymec 
cause g:lps in the spyrocyst and oocyst walls. 
I n  vitro excystation studies using chemical and mechanical disruption of the oocyst 
wall and enzyme treatment have been reported by Lindsay, et al. (1983~). Before the 
sporozoites excyst from the sporocyst, they become slightly swollen and exhibit 
"intermittent tumbling movements" inside the sporocyst when activated by bile and trypsin 
(Lindsay et al., 1983~). Shortly after sporozoite movement is initiated, the sporocyst wall 
displays indentations and then separates, releasing the sporozoites. Sporozoites just 
released from sporocysts are short and broad but sporozoites that have been excysted for 5 
to 10 minutes are elongate and highly motile. Elongate sporozoites, on the average, 
measure 11.7 X 3.8 mm (Lindsay et a]., 1983~). Sporozoite movements involve "rapid 
forward gliding, side-to-side flexion and a probing action with the anterior end" (Lindsay et 
a]., 1 9 8 3 ~ ;  Lindsay, 1984b). The anterior end of the sporozoite is pointed whereas the 
posterior end is rounded. 
Endogeny.  
The endogenous phase of the I. suis life cycle consists of two main developmental 
stages, asexual and sexual. These stages develop intracellularly in villus epithelial cells 
(Sangster et al., 1978; Stuart et al., 1978), mainly in the jejunum and ileum (Lindsay 1990; 
Sangster, Seibold, & Mitchell) of the small intestine of swine. Intracellular stages can be 
observed in parasitiphorous vacuoles in the distal third of villus epithelial cells, basal to the 
host cell nucleus (Lindsay et a]., 1980; Lindsay et al., 1992). An excysted sporowite 
penetrates an intestinal epithelial cell by invagination of the host cell plasma membrane 
which forms the parasitiphorous vacuole (Lindsay et al., 1980; Lindsay & Todd, 1993). 
In severe I. suis infections, in addition to the ileum and jejenum, endogenous stages can be 
identified in crypt epithelial cells (Lindsay et al., 1980; Stuart et al., 197% the cecum and 
the colon (Harleman & Meyer, 1985; Lindsay. 1990). 
Asexual Development. 
Endogenous slages are first observed at approximately 36 hours PI as uninucleate 
zoites (immature meronts) in mucosal smears of the jejunum and ileum (Lindsay et al., 
1980). Mature binucleate type I meronts can be seen in tissue sections and mucosal smears 
3 days PI and average 14.4 X 7.8 mm (Lindsay et al., 1980; Lindsay et al., 1983b). Type 
1 meronts undergo division by endodyogeny and after approximately 24 hours produce two 
elongate type I daughter merozoites (Lindsay et al., 1983b; Lindsay, 1990). These, in 
turn, may then reproduce "by binary fission or endodyogeny in a variable number of 
consecutive divisions in the same host cell" and produce a total of 2 to 14 type I merozoites 
(Lindsay et al., 1980). Type I merozoites are crescent-shaped, are located side-by-side in a 
single parasitiphorous vacuole and measure 15.2 X 6.5 mm in mucosal smears. Type I 
endogenous stages are most prolific at 4 days PI, at which time they are observed in 
increased numbers (Lindsay et al., 1980; Robinson et al., 1983). Type I merozoites leave 
the host cell and subsequently penetrate adjacent epithelial cells. At 4 days PI, type I1 
multinucleate meronts are observed that contain three to twelve nuclei and average 15.4 X 
7.5 mm in mucosal smears. Type I1 merozoites are produced from type I1 meronts by 
endodyogeny. Type I1 merozoites in each parasitiphorous vacuole are smaller than type I 
meromites and range from two to sixteen in number with average dimensions of 9.7 X 3.4 
mm (Lindsay et al., 1980). Type 11 merozoites develop into the sexual stages of I. suis 
(Lindsay et al., 1983a; Tubbs, 1986). 
Lindsay et al. (1 983b) investigated the motility of meronts and merozoi tes and 
determined that motile meronts have a "sharply pointed anterior end". Meronts, like 
sporomites, exhibit gliding and flexing movement lasting about 3 to 10 seconds. Meronts 
also probe with their anterior en4 which is similar to sporozoite probing action (Lindsay et 
al.. 1983b; Lindsay, 19Wh). Meronts penetrate the villus epithelial cells of the host and 
when they leave their particular host cell, they penetrate adjacent host cells. 
Sexual Develo~ment. 
No sexual stages are seen until approximately 4 days PI (Lindsay et al,, 1980; 
Lindsay et a]., 1992). BY 5 days PI, both mature and immature sexual stages are 
identifiable (Lindsay et al., 1980). Sexual stages of I. suis consist of two types of 
gamonts, microgarnonts and macrogamonts. Microgametes are produced within 
microgamonts via monocentric microgametogenesis. This process consists of biflagellate, 
sperm-like, multinucleate microgametes budding off "the surface of a single spherical 
residual body" (Lindsay et al., 1992a; Lindsay & Todd, 1993). The actively motile 
microgametes arrange themselves around the residual body in the parasitiphorous vacuole 
and eventually leave this vacuole in order to locate and fertilize a macrogamont (Lindsay et 
al., 1980; Lindsay & Todd, 1993). Mature macrogamonts are elongate to ovoid and 
measure 9.4 X 6.5 mm in tissue sections (Lindsay et a]., 1980). A macrogamete is 
fertilized by a microgamete to form an intracellular zygote (Lindsay &Todd, 1993). This 
zygote develops a cell wall to form an m y s t  (Lindsay et al., 1992a; Tubbs, 1986) which 
in tissue sections measures 14.9 X 12.1 mm and in mucosal smears 18.4 x 16.1 mm 
(Lindsay et al., 1980). Oocysts contain a granular sporont and can be distinguished from 
macrogamonts in tissue sections by their distinct oocyst wall (Lindsay et al., 1980). These 
oocysts can be seen in feces as early as four (Robinson et al., 1983) to five (Lindsay et a]., 
1980; Lindsay, 1990) days post-inoculation. 
I n  vitro. 
Isolated Isosmra suis sporozoites have been inoculated into tissue culture and the 
endogenous stages observed. Sporozoites could be seen penetrating and producing 
progeny hy endodyogeny. All of these cultures failed to produce any sexual stages of !, 
(Fayer et 21.. 1984; Lindsay & Blaghum, 1987). Fayer et al. (1984) inoculated I. suis 
spxon,ites into the fc~llowing cell lines: Mardin-Darhy bovine kidney (MDBK) cells. 
embryonic bovine trachea (EBTr) cells, bovine colon (BC) cells, and porcine kidney (PK) 
cells. Within 60 minutes at 3Y0C the sporozoites penetrated the EBTr and MDBK cells. At 
24 hours PI, intracellular parasites were observed in all four cultures. Intracellular 
sporozoites were "located adjacent to the host cell nucleus and were surrounded by a 
parasitiphorous vacuole" (Fayer et a]., 1984). By 48 hours PI, endodyogeny had occurred 
in 62-66% of the intracellular spomzoites resulting in two second generation progeny. 
These progeny resembled the sporomite in appearance. However, the intracellular 
parasites appeared to have decreased in number by 5 days PI (Fayer et al., 1984). 
Lindsay and Blagburn (1987) have also completed in vitro studies with I. suis 
using primary cell cultures, specifically primary porcine kidney (PPK) cells and primary 
fetal bovine kidney (PFBK) cells. These cultures were tested for 1. suis propagation 
because primary cultures from the host organism tend to better support the development of 
parasites. The sporozoites penetrated the cells of both cultures and developed into motile 
type I meront.. and merozoites. However, asexual development progressed until 
multinucleate, type I1 meronts were observed in only the PPK cell culture. 
The sporozoites penetrated the PPK and PFBK cells and were located adjacent to 
the host cell nucleus (Lindsay & Blagbum, 1987). The Imation of the sporozoites in this 
study were the same as that described by Fayer et al. (1984). In some cases, multiple 
sporozoites infected a single host cell which was observed in both cell types at 24 hours 
post inoculation. The average dimensions of the sporozoites in both cultures measured 9.0 
x 3.4 mm. By 36 hours PI, endodyogeny had occurred in both cell lines and the progeny 
consisted of type I hinucleate meront.. and paired type 1 meroznites. "A few motile type I 
meromites were observed in the culture medium" (Lindsay & Blagbum, 1987). 
Endodyogenous development continued through 72 hours PI, producing numerous type I 
meronts and type I merozoites which were both intracellular and motile in the culture 
medium. Occi~sionally these motile type I meronts and merozoites were "obsenled 
penetrating or leaving cultured cells. NO adverse effects were observed on host cells due to 
entrance or exit of type I m-xonts or merozoites" (Lindsay & Blagburn, 1987). 
considering the in viva pathology of I. suis infections, a question ariss as to why the 
entrance or exit of these asexual stages did not cause cell lysis. Perhaps cell death did not 
appear to occur immediately and was overlooked Another possibility is that the culture 
media, containing 2% fetal bovine serum (FBS), contributed enough nutrients for the cells 
to repair the damage created by the parasite. 
In the PFBK cultures, type I meronts and merozoites were the only developmental 
stages seen through 144 hours PI. In the PPK cell cultures, beginning at 96 hours PI, 
multinucleate type I1 meronts were observed, containing four to ten nuclei and measuring 
18.1 x 12.1 mm. However, no type I1 merozoites were produced by these meronts and 
they were never observed to be motile in the culture medium and were therefore considered 
to be non-viable. Through 144 hours PI, type I meronts and merozoites were observed 
both intracellular and motile in the culture media (Lindsay & Blagbum, 1987). 
Lindsay and Blagburn (1987) have identified motile, type I asexual stages of 
kosmra suis in tissue culture. They also describe motile type I and type I1 meronts derived 
from the mucosal surface of infected pigs (Lindsay et al., 1983~). The in vitro results 
described amelate with the in vivo results, except that the type I1 meronts propagated in 
vilro were not motile. The in vitro results described above are also supported by the 
findings of Lindsay et al. (1980) that multiple infections of single swine epithelial cells exist 
in vivo. 
Investigators at Amhico, Inc., Dallas Center, Iowa have successfully wmpleted the 
I.  suis life cycle, from sporowite to m y s t ,  in swine testicular (ST) cells (In press, 1993). -- 
The sponm>itzs attach and penetrate the ST cells and are located in a paracitiphorous 
vacuole adj;scnt 10 the nucleus of the infected cell. By 2 days post-inoculation (PI), type 1 
men,a,ites ;\re &served as two crexmt-shaped organisms situated side-by-side within a 
p a r a s i t i p h ~ r ~ ~ ~  vacuole. Beginning at 2 days PI, intraallular m a a o j r e s v  the 
culture medium, leaving the previously infected cell destroyed. Mames  are 
nswimming" free in the culture medium. These "free-swimming" merozoie ~ u b s e q ~ e n t ~ ~  
infect another ST cell and continue their developmmt Three days PC t y p  $1 i~raccllulx 
rnerozoites are visible within a single parasitiphorous vanroic. m m k  of infmxIlular 
type I1 merozoites ranges hom 4 to 20 per parasitiphorous wmlc and have the appearance 
of "bunches of bananas". Type I1 merozoites are readily found free in the wlture medium 
4 to 7 days PI and can be differentiated from type I meromites due to their smafler size. 
The sexual stages are observed within host cells as early as 6 days PI and intracellular 
w y s t s  are visible from 7 to 12 days PI. 
Isosmra suis sporozoites have been inoculated into various types of cultured cells 
in which the sporozoites penetrated and produced progeny through asexual (Fayer et al., 
1984; Lindsay et al., 1987) and sexual development (In press, 1993). These resuits 
demonstrate that I. suis sporozoites are infectious in various cell lines. 
There are many published reports which show that genus-specific antibodies in 
colostrum and serum inhibit the infection of Apiwmplexan parasites in vitro. Colostral 
antibodies from cows previously infected with Cryptosporidium parvum inhibit the 
penetration of C. parvum sporozoites in cultured cells (Doyle et al., 1993). Similarily, 
colostrum from cows immunized with Eimeria acemlina antigens significantly reduces the 
number of E. acervulina sporozoites observed in cultured cells (Fayer & Jenkins, 1992). 
Long and Rose (1972) reported that Ittreatment of [chick kidney cell] cultures with immune 
globulin appeared to inhibit sporozoite invasion". Immune serum antibodies have been 
shown to decrease the invasion and growth of various Apicomplexan species in vifro. 
Convalewent serum from BALB/c mice previously infected with Plasmodium 
reduces the invi~sion rate and growth of falciparum in v i m  (Ray et al.. 1994). GUO et 
;I]. ( 1984) rcp,fied th;lt p. fril~ile growth in culture was inhibited u p l n  i~~cubafion with 
post-vaccination serum from rhesus monkeys. Mouse serum antibodies against ~ i ~ ~ ~ i ~  
tenella inhibit homologous sporomite infectivity in vitn, (Crane et a]., 1986). 
Other published reports indicate that monoclonal antibodies inhibit the infection of 
Apimmplexan parasites in v i m .  Monoclonal antibodies to the various life cycle stages of 
Apicorn~lexan parasites have been isolated and analyzed for their neutralizing 
characteristics in vitro. Monoclonal antibodies have been prepared against Toxorrlasma 
gondii surface proteins (Grimwood & Smith, 1996) and the Eimeria acelvulina apical 
complex (Sasai et al., 1996) that inhibit invasion of tachyzoites and sporomites, 
respectively, in cultured cells. A monoclonal antibody of Eimeria adenoeides inhibits the 
invasion of cultured cells with E. adenoeides and E. tenella sporozoites (Augustine, 1991). 
Incubation of Eimeria h v i s  sporozoites with a surface protein monoclonal antibody 
significantly reduces penetration of MDBK cultured cells (Whitmire et al., 1988). 
Reports of  the propagation of Isos-pra suis in cultured cells and the neutralization 
of Apicornplexan parasites in the presence of colostral, serum or monoclonal antibodies 
suggested the feasibility of developing an in vitro sporozoite neutralizing antibody assay 
being developed for 1. suis. The purpose of this thesis investigation was to develop an 
assay th:lt detects Isospora suis sporozoite neutralizing antibodies in serum, milk and 
mc~noclonal antibody culture fluids. This assay will measure the level of neutralizing 
antilw,dies and will benefit both pharmaceutical companies involved in the development 
Isclsrxjr;l vaccines and diagnostic laboratories in monitoring outbreaks and collecting 
epidemiology infomation. This technology can also be applied to other *picomplexan 
for vaccine development and as a diagnostic test for the detection to 
these p;lriisites. 
MATERIALS AND METHODS 
Production of oocyst seeds. 
I S O S D O ~ ~  S U S  oocysts were produced in specific pathogen-free (SPF) neonatal pigs, 
breed line PC C22, from H & K Enterprise in Nevada, Iowa. Pigs were allowed to nurse 
the sow for 3-5 days before being brought to Ambico, Inc. At that time they were placed in 
isolation boxes and subcutaneously administered 3.0 ml of Clostridium ~erfkineens Type C 
& D Antitoxin (Clostrax-BCD", Grand Laboratories, Inc., Larchwwd, IA) and 1.0 ml 
intramuscularly of 100 mg Iron Dextran Complex (Iron Hydrogenated Dextran, Western 
Veterinary Supply, Inc., Porterville, CA). Pigs were fed twice daily with  itt term ilk@ 
medicated pig milk replacer (Land O'Lakes, Inc., Fort Dodge, IA) containing 
oxytetracycline and neomycin base antibiotics and additionally supplemented with liquid 
spectam@ Scour-Halt' spectinomycin antibiotic (Rhone Merieux, Inc., Athens, GA). 
Each pig was inoculated between 5 and 12 days of age with 6,000 to 18,000 I. suis 
oocysts per dose, depending on the age of the pig. Six to nine days post-inoculation, the 
pigs were sacrificed and both the cecum and large intestine were collected. The intestinal 
contents were released by first unwinding and longitudinally cutting the cecum and large 
intestine then rinsing the intestinal tissue with phosphate-buffered saline (PBS, Addendum 
1). In  order to break up the feces, the intestinal contents were briefly blended on pulse 
cycle with a Hamilton ~ e a c h @  7 Speed Blendmaster" blender. The oocysts present in the 
intestinal contents were pelleted by centrifugation at 1,900 x g at 4OC for 30 minutes. The 
oocyst pellets were re-suspended in 2.5% potassium dichromate (wlv) in distilled water 
and sp,rulated by aeration for 24 to 72 hours at 25OC (Lindsay et al., 1982). The aeration 
procedure included attaching a plastic 10 ml pipet to the end of a Second Nature whisperB 
800 fish-tank aerator (Willinpr Brothers, Inc., Oakland, NJ), placing the pipet in the 
wcyst-dichromate seed, and gently "bubbling" air through the seed. The titer of sporulated 
oocysts was determined by counting them on a hemacytometer and the m y s t  seeds were 
stored at 40C for subsequent use. 
Purification of oocysts. 
Oocysts were purified using a modification of the procedure described by Lindsay 
et al. (1980, 1982). Oocyst seeds were mixed with 70 - 100% Sheather's sugar solution 
(Addendum 1) to a final concentration between 10% and 12.5% (v/v) and were centrifuged 
at 1,900 x g for 15 minutes at room temperature (21-23OC). Oocysts were removed from 
the meniscus using a 1.4 cm diameter wire loop and were washed in phosphate-buffered 
saline (PBS, Addendum 1) by centrifuging at 2,080 x g for 30 minutes at 40C. After 
washing, the oocysts were re-suspended in Earle's salts minimum essential medium with 
non-essential amino acids (EMNE, Addendum 1) containing 800 mg/ml gentamicin. 
Isolation of sporozoites. 
Purified oocysts were homogenized at room temperature using a Wheaton" 
Overhead Stirrer (cat. no. 903475) that lysed the three layers of the oocyst wall. 
Homogenization time differed between purified oocyst seeds and was dependent upon the 
m y s t  titer and the remaining contaminating fecal debris. Homogenization was continued 
until approximately 50 to 70 percent of the oocysts were lysed, as determined by 
microscopic evaluation. If the oocysts were homogenized beyond 50 to 70 percent lysis, 
some of the sporocysts became lysed, subsequently destroying the sporozoites. The 
homogenate was centrifuged at 1,900 x g for 10 to 15 minutes at 4OC and the pellet, 
containing the sporocysts, was re-suspended with a 5 to 10X volume of 0.75% bilet0.2595 
trypsin (viv) mixture (Lindsay et al., 1983a). The sporocysts were incubated in the 
I?ile/trypsin mixture in a 37oC incubator for 30 minutes with gentle agitation (60-W rpm) to 
ensymatic;llly release the spxmoites. The hilehrypsin mixture was washed from the 
sporozoites by centrifuging at 1,900 x g for 10 to 15 minutes at 40C. The sporozoite pellet 
was resuspended in the test medium (see "Media" section below) to a specified 
concentration of sporozoites per milliliter (see "Inoculurn" section below). The media and 
sporozoite inoculum levels varied as the parameters of the neutralization assay were being 
developed. 
Growth and maintenance of ST cells. 
A diploid, swine testicular (ST) cell line (cell passages 90 to 100) was used for 
neutralization assay development. ST cells were planted in Earle's salts minimum essential 
medium with non-essential amino acids (EMNE, Addendum 1) containing 10% bovine calf 
serum, defined (HyClone Laboratories, Inc., Logan, Utah). Ninety-six-well microtiter 
plates were planted with 2 x 104 ST cells per well. ST cells were grown to confluency in 
air containing 3-5% C 0 2  and were maintained with EMNE containing 2% bovine calf 
serum. 
Neutral izat ion assay. 
Test samples (serum, milk and monoclonal antibody fluids) were diluted in the 
desired medium (see "Media" section below) and an equal volume containing a constant 
number of sporowites was added to each test sample dilution. The sporozoites were 
neutralized by the test samples at 22oC or 370C in glass tubes sealed with a rubber stopper. 
ST cells were rinsed with medium, inoculated with neutralized sporozoites, and adsorbed at 
37OC for 60 to 90 minutes. Following adsorption, the ST cells were rinsed with basal 
medium and incubated at 370C in a 3-5% C02  atmosphere. Cells were stained either with 
Di ff-Quik (Bnxter) differential stain or by indirect immunofluorescent assay. 
St:lining Procedures. 
Differential Stain. 
Rior to staining with Diff-Quik differential stain, ST cells were incubated at 3 7 0 ~  
in 3-5% C02 for 6 to 8 days following sporozoite adsorption. The ST cells were fixed and 
stained with the reagents supplied in the Diff-Quik differential staining kit. ?he stained ST 
cells were observed for cytopathic effects (CPE) indicating sprozoite infection. If no cell 
layer remained, the spororoite infection caused CPE and destroyed the entire cell 
monolayer. However, if the cell monolayer remained intact (i.e., the cells stained purple), 
then the antibodies present in the test sample neutralized the sporozoites, preventing 
infection. 
Indirect immunofluorescent assay (IFA). 
Following adsorption of the sporozoites to the ST cells, the cells were rinsed with 
EMNE and were incubated at 37OC in 3-5% C02 for 1 hour. The ST cells were 
subsequently fixed with ice cold 100% methanol for 1 hour at -200C. The intracellular 
sporozoites were probed with the supernatant fluid from pass 10 of the monoclonal 
antibody 2G3-H7, concentrated 10-fold with a Diaflo Ultrafilter, 50,000 molecular weight 
cut-off (Amicon, Inc., Beverly, MA). A 1 5 0  dilution of the 10X concentrated supematant 
fluid from the moncxlonal antibody 2G3-H7 was incubated with the cell monolayers in 
each well for 30 minutes in a humidified chamber at 37OC with 3-5% C02. Excess 
antibody was removed by washing 3 times with PBS (pH 7.2). Fluorescein-labeled goat 
anli-mouse IgG conjugate (Kirkegaard & Perry Laboratories, Gaithersburg, MA) was 
incubated with the cells for 30 minutes in a humidified chamber at 37OC with 3-5% C@. 
The cells were rinsed of excess conjugate by washing 3 times with PBS. After the final 
wash, 0 %  glycero1:PBS (v/v) was added to the ST cell monolayers and the assay was 
read using an inverted, fluorescent compound microscope. Sporozoite infection was 
evident by fluorescence of intr;lcrlluI;~r sp,roznite.~ in the ST cell monolayer. ST cell 
monolayers that were virtually void of fluorescence indicated that sporomite infection had 
been prevented and that antibodies in the test sample had neutralized the sporozoites. 
Parameters examined for development of the neutralizption assay. 
Media. 
Media tested included Earle's salts minimum essential medium with non-essential 
amino acids (EMNE, Addendum 1). The supplements tested were 0.01 mglml DEAE 
Dextran and 0.02 mglml trypsin. 
Inoculum. 
Inoculation volume and number of sporozoites were tested in 96 well flat-bottom 
microtiter plates. Inoculation parameters per well were 0.2 ml, 0.1 ml or 0.05 ml each 
containing 5,000, 10,000 or 20,000 sporozoites. 
Neutralization time and temperature. 
Neutralization time was tested by incubation of I. suis sporozoites with diluted test 
samples for 15, 30, 60, and 90 minutes at temperatures of 210C and 37OC. 
Adsomtion to ST cells. 
Medium containing a low concentration of bovine calf serum (BCS) was tested to 
determine if i t s  presence would stabilize the sporowites and lengthen their infection time 
post-excystation. The following media were tested: EMNE alone and EMNE containing 2. 
5, 10 or 20% BCS; DMEM alone and DMEM containing 2, 5 or 10% BCS. 
Atmospheric conditions. 
me propagation of I. suis in ST cells was tested in the presence and absence of 3- 
5% C02. 
Immune serum antibodies. 
Production of guinea pig hyperimmune serum to m s t  Ivsate. 
l k e e  35UOO gram guinea pigs (Sasco, Omaha, NE) were immunizd 3 t ima at 3 
week intervals with an m y s t  lysate antigen obtained from purified sporulated m y s t s  
treated with glass beads or a bileltrypsin solution which released the sporozoite antigens 
from the oocysts and sporocysts (Lindsay et al., 1983a). The first and second 
subcutaneous vaccinations each contained 0.27 mg of oocyst lysate (BCA Protein Assay, 
Pierce, Rockford, IL) in Freund's Complete Adjuvant (Sigma Chemical Company, St. 
Louis, MO), and the final aqueous intramuscular vaccination contained 0.27 mg of oocyst 
lysate protein. 
Ten days after final vaccination, guinea pigs were terminally anesthetized with 
20mgilb Ketamine HCI (~eteset@, Fort Dodge Laboratories, Inc., Fort Dodge, IA) and 
2.3 m g b  Xylazine ( ~ a r n ~ u n a ,  Bayer, Shawnee Mission, KS) and then bled via heart 
puncture. Serum was separated from the clotted blood by centrifuging at 1,900 x g at 
for 15 to U )  minutes followed by heating for 30 minutes at 56OC to inactivate complement. 
Sera were stored at -200C until ready for use. 
Production of  poat hvmrimmune serum to sporozoites. 
A 75 pound, one year old female goat (Al Buseman, Dumont, IA) was immunized 
4 times at 3 week intervals with a sporozoite lysate antigen. The sporozoites were isolated 
from purified, sporulated w c y s a  excysted with a bileltrypsin solution (Lindsay, et a]., 
1983a). The first suhcutilneous vaccination confained 0.065 mg of sporozoite antigen in 
Freund's Complctc Adjuvant and was followed by the second and third vaccinations 
containing 0.125 m g  and 0.250 mg sporomite protein, respectively, in Freund's 
Incomplete Adjuvant (Sigma Chemical Company, St. Louis, MO). A final aqumus 
intramuscular vaccination was administered containing 0.50 mg sporomite protein. 
Five days after the final vaccination, the goat was stunned and exsanguinated 
Serum w a s  separated from the clotted blood by centrifuging at 1,900 x ga t  40C for 15 to 
30 minutes followed by heating for 30 minutes at 560C to inactivate complement. Serum 
w a s  stored at -200C until ready for use. 
Production of nepative pig serum. 
Negative pig serum was obtained fkom Cesarean-derived, colostrum deprived pigs. 
O n e  to  four hours after birth, the pigs were stunned and exsanguinated. Serum was 
separated from the clotted blood by centrifuging at 1,900 x g at 40C for 15 to 30 minutes 
followed by heating for 30 minutes at 560C to inactivate complement. Sera were stored at 
-200C until ready for use. 
Production of test milk samples. 
Exrxriment 1. 
Gilts #830, 789, 1 19 and 118 were vaccinated three times by feeding them a com- 
milk mash containing 200,000, 400,000 and 800,000 I. suis sprulated w y s t s  at 5 , 3  
and 1 week pre-farrow, respectively. Gilts #I21 and 122 were orally vaccinated once 
with 200,000 sporulated mxysts at 5 weeks pre-farrow, followed by 4 intramuscular 
vaccinations with a freeze-thawed lysate of 3 x lo6, 4 x lo6, 4.5 x lo6 m y s k  in 
Frcund's incomplete Adjuvant at 4, 3, and 2 weeks pre-farrow, respectively. Finally, 
at 1 week pre-farrow they were vaccinated with an aqueous preparation conlaining 4.5 
x l o h  lysed cxx.ysts. Gilts #X? and 123 were non-vaccinated controls. Milk samples 
were (,ht;lined from ;,I1 gilts 5 d;ns post-f:lm,w. Milk samples were clarified h)' 
centrifuging at 1,900 x g at 4OC for 30 minutes and the middle layer of milk was heat 
inactivated for 30 minutes at 56OC. Milk samples were stored at -2OoC until ready for 
use. 
Nursing pigs were challenged orally with 25,000 1. suis sporulated oocysts at 5 
days of age. Pigs were observed daily for signs of diarrhea and death. A necropsy 
was performed on any pigs that died post-challenge to determine the cause of death. 
The morbidity incidence, (number of pigs with diarrhea I total pigs in the litter) x 100, 
and percent mortality, (number of pigs that died from I. suis I total pigs in the litter) x 
100, were calculated for each litter. Group morbidity and mortality means were 
calculated. 
Experiment 2. 
Gilts #180, 182 and 183 were vaccinated three times intramuscularly with a freeze- 
thawed lysate of 2 x 106 oocysts in Freund's Incomplete Adjuvant at 5 and 3 weeks 
pre-farrow and an aqueous vaccination with 2 x 106 lysed oocysts 1 week pre-farrow. 
Gilts #I93  and 194 were vaccinated once orally with 200,000 sporulated oocysts at 6 
weeks pre-farrow, followed by the same intramuscular vaccinations seen in gilts #180, 
182 and 183. Gilts #176, 177, 178 and 179 were non-vaccinated controls. Milk 
samples were obtained from all gilts 3 days post-farrow. Milk samples were clarified 
by centrifuging at 1,900 x g at 4% for 30 minutes and the middle layer of milk was 
heat inactivated for 30 minutes at 560C. Milk samples were stored at -200C until ready 
for use. 
Nursing pigs were challenged orally with 50,000 I. suis spomlated oocysts at 3 
days of age. Pigs were observed daily for signs of diarrhea and death. Pigs that died 
post-challenge were necropsied to determine the cause of death. The morbidity 
incidence ;~nrl percent mortality were cnlcul;~ted for each litter and group as in 
Experiment 1. 
Production of  monoclonal antibody fluids. 
An myst /sporozoite  Iysate, containing 0.62 mglmf of protein, was prepared by 
homogenizing 1.8 x 106 freeze-thawed, purified oocysts with a Wheaton" *dead 
Stirrer, This Iysate was  sent to the Iowa State University Cell and Hybridma Facility in 
Ames, Iowa for the preparation of I. su is sporozoite hybridomas. After screening the 
primary hybridomas against oocyst Iysate proteins by immunoblot, two hybridomas (2G3 
and 1 E2) were chosen for further expansion and cloning. The secondary hybridomas of 
2G3 were screened for antibody production to oocyst Iysate by Western blot and ELJSA 
Clones 2G3-H7 and 2G3-C4 were chosen for expansion followed by propagation and 
passage in DMEM + 10% horse serum (frvine Scientific, Santa Ana, CA). The supernatant 
fluids from the hybridcrrna cultures were stored at -2WC for future analysis on ELISA and 
the serum neutralization assay. 
A portion of the 2G3-H7 monoclonal antibody supernatant fluid from pass 10 was 
concentrated 10-fold using a Diaflo Ultrafilter with a 50,000 molecular weight cut-off 
membrane (Amicon, Inc., Beverly, MA). 
Enzy me-lin ked immunosorbant assay (ELISA). 
An enzyme-linked immuno.wfiant assay (ELISA) was used to screen test samples 
(serum, milk, m o n t ~ l o n a l  fluids) for the presence of antibodies to ~yst /sporozoite  lysate. 
Oocyst/sp>ro7~,ite l ysnte antigen (prepared from purified. homogenized freeze-thawed 
tuxysts) was ;~dJed  to Immulon-2 U-hottom, 96-well microtiter plates (Dynatech 
Laboratories, Inc., Ch;~ntilly, VA) at 21 ndwell. Plates were sealed and incubated 
overnight : ~ t  4°C. The wclls urcrc washed 3 times with PBS + 0.05% Tween-20 (PBST) 
and the unbounci site-s wc.rrb hltx.kccl with 10% fctnl bovine senin1 (JRH Biosciences. 
Lenexa, KS) in PBST (vlv) for 2 hours at 220C. The blocking solution was aspirated and 
diluted test samples (serum, milk, monoclonal fluids) were added to each well and the 
plates were  incubated at 220C for 1 hour. Wells were washed of unbound antibody with 
PBST 3 times and species-specific, peroxidase-labeled conjugate (Kirkegaard & Perry 
Laboratories or  Bethyl Laboratories) was added to each well. Plates were incubated for 1 
hour a t  220C. Wells were washed 4 times with PBST and ABTS, a 1 component 
peroxidase substrate (Kirkegaard & Perry Laboratories, Gaithersburg, MA), was added to 
all wells. Plates were sealed and incubated at 22% for 30 minutes. The optical density of 
each we1 1 was determined at 405 nm using an SLT 340 ATTC plate reader (SLT 
Labinstruments, Austria, Europe). An OD405 10.200 (after the average blank OD405 had 
been subtracted) was considered positive for antibody to oocyst/sporozoite lysate. The titer 
of each a n t i b d y  sample was deterrnined as the reciprocal of the highest dilution having an 
OD405 2 0.200. 
RESULTS 
An in vitro assay in swine testicular cells has been developed that detects Imsmra 
suis sporozoite neutralizing antibodies in serum, milk and monoclonal antibody culture 
-
fluids. Described below are the results obtained for the neutralization assay and the 
neutralization titers obtained horn test samples which include hyperimmune sera and post- 
vaccination sow milk samples. 
Examination of parameters for the development of the antibody 
neutralization assay. 
Media. 
Initial adsorption and penetration of sporozoites to Sr cells was not affected by the 
addition of trypsin or  DEAE dextran to the EMNE medium. Therefore, EMNE medium 
without trypsin o r  DEAE dextran was determined to be the optimal basal medium used 
throughout the neutralization assay. 
Inoculum and Adsorption. 
All a s u y s  described in this section were performed in %-well microtiter plates 
containing confluent monolayers of ST cells and were incubated at 37OC for 7 days post- 
inoculation. Intxulated mc>nolayers were stained with Diff-Quik (Baxter) differential stain 
and o k r v e d  for cytopthic effect (CPE) which directly correlates to the level of sporozoite 
infection of the monolayer (i.e., the higher the percent CPE, the greater the sporozoite 
infection). 
Table 1 shows the percent CPE of ST cell monolayers that were inoculated with 
different levels o f  sp,rozoites in varying volumes of EMNE alone or supplemented with 
hovinc c;ilf scrurn. ST cell monol:lycrs that were incwulatcd with 2 x lo4 1. suis 
SProzo i t e s  in 0.2 ml, 0.1 ml or 0.05 ml EMNE containing2%,5%, 10% or 20% BCS 
resulted in 90 to 100% cytopathic effect (CPE) of the entire cell monolayers. ST cells 
inoculated with 2 X lo4 sporozoites in 0.2 ml and 0.05 ml EMNE alone resulted in 40% 
and 100% CPE, respectively. Eighty to 95% CPE was observed in ST cell monolayen 
inoculated with 1 x 104 sporomites in 0.05 ml EMNE containing 2%, 5%, 10% or 20% 
BCS and in 0.1 ml EMNE containing 20% BCS. ST cells inoculated with 1 x 104 
sporozoites in 0.1 ml EMNE containing 2%, 5%, or 10% BCS resulted in approximately 
60 to  75% CPE of the cell monolayers. Less than 50% CPE was observed in monolayers 
inoculated in EMNE containing 2%, 5% or 10% BCS with 1 x 104 sporozoites in 0.2 ml 
and 5 x lo3 sporomites in 0.2 ml, 0.1 ml and 0.05 ml. STcells inoculated in EMNE 
containing 20% BCS with 1 x 104 sporozoites in 0.2 ml and 5 x 103 sporozoites in 0.1 ml 
and 0.05 ml resulted in 70 to 75% CPE. Only 10% CPE was observed in ST cell 
monolayers inoculated with 5 x 103 sporozoites in 0.2 ml EMNE containing 20% BCS. 
Table 2 shows the percent CPE of ST cell monolayers that were inoculated with 
different levels o f  sporo7x)ites in varying volumes of Dulbecco's Mdified Eagle's Medium 
(DMEM) alone or supplemented with bovine calf serum. =cell monolayers that were 
inoculated with 2 ?; I. s u i s  sp)romites in 0.1 ml or 0.05 ml DMEM containing 2%, 5% 
or 1OP0 h ~ v i n e  c;ilf scrurn (RCS) resulted in 100% CPE. However, ST cells inoculated in 
DMEM alone with 2 x 104 sp,ro7~,ites in 0.1 ml or 0.05 ml resulted in 99% and 95% 
CPE, respectively. ST cells incxulated with 1 x I@ sporomites in 0.1 ml or 0.05 ml 
DMEM cont;lining 2 O b ,  5 5  o r  1 0 %  RCS resulted in 80 to 95% CPE of the rnonolayers. 
ST cell m(,n(,l;jyrrs in(x.uln[ed with 1 x lo4 sp>mu)ites in 0.1 ml or 0.05 ml DMEM alone 
or 5 x 103 s~,n,;.x,itcs in DMEM containing 2Oo. 5ffo. or 10% BCS resulted in 10 to 40% 
CpE, while ST cells intxul:ltrcl with 5 x 103 spc)rozoitrs in 0.1 ml and 0.05 ml IIMEM 
alone did not c=;rusc <'I'I. o f  thtu ccll n\onol:~yer 
EMNE 
EMNE 
Table 1. percent cytopathic effect of ST cell monolayen vs, inoculation of -- L sujs 
sporozoites in EMNE medium. 
Test Basal Percent Inoculum Percent 
No . Medium B C S ~  No. of Smrozoites Volume (mil CPE~- 
1 E M N E ~  0 2 x lo4 0.2 ml 40% 
2% 98% 
5% 95% 
10% 90% 
20% 95% 
2% 100% 
5% 1 w a  
10% 100% 
20% 98% 
0 100% 
2% 100% 
5% 100% 
10% 100% 
20% 98% 
EMNE 2% 1 lo4 
5% 
10% 
20% 
EMNE 2% 1 lo4 
5% 
10% 
20% 
EM NE 2% 1 104 
5% 
10% 
20% 
EMNE 2% 
5% 
20% 
EMNE 2% 5 lo3 
5% 
10% 
20% 
9 EMNE 2% 5 x  103 
5% 
20'70 
1. BCS: Bovinc calf serum. 
2. CPE: Cylop~thic e f f c c ~  or the ST cell monolaycr. 
3.  EMNE: Earlcqs alts nlinin,un, rkw.cmial nlrdiunl with non%seniial 
acids medium' 
Table 2. Percent cytopathic effect of ST cell monolayen vs. inoculation of 1. suis 
sporozoites in DMEM medium. 
Test Basal Percent Inoculum Percent 
No. Medium B C S ~  No. of Sporozoites Volume (ml) CPE~- 
2 DMEM 0 2 x  104 0.05 ml 
2% 
95% 
5% 
100% 
10% 
100% 
100% 
3 DMEM 0 1 x 104 0.1 ml 10% 
2% 90% 
5% 90% 
10% 80% 
4 DMEM o 1 104 
2% 
5% 
10% 
5 DMEM 0 5 x 103 
2% 
5 %  
10% 
6 DMEM 0 5 x 103 
2% 
5% 
10% 
1.  RCS: Rovinc calf serum. 
2. CPE: Cytopathic effect of the .T cell monolayer. 
3. DMEM: Dulhecco's Modified Eagle's Medium. 
Thc rcsults dc..wribed above provided evidence for increased adsorption oE 
sporo7r)ites to ST cells at lowcr intx-ulum volumes. For the I. suis sporozoite 
neulrali;rA?tion assay i t  was determined that 1.0 to 2.0 x 104 I. suis sporozoites would be the 
optimal intxuI:ition pcr well of  confluent .ST cell monolayers using a 0.05 ml inoculum 
volumc in t7MNI7 cont;~ining 2 to 5% hovinc cnlf serum. 
Neutralization Time and Temmrature. 
I. su is  sporozoites are fully neutralized, as indicated by the absence of CPE, 
-- 
following a 60 minute incubation with antibody samples (pre-diluted 1:8) at either 370Cor 
210C (Table 3). However, sporozoite penetration of ST cells decreases by 90 minutes, 
therefore a 60 minute neutralization at 37OC was used in the I. suis sporozoite 
neutralization assay. 
Table 3. The effect of incubation time and temperature of sporomites with antibody and 
their neutralization in ST cells. 
Neutralization Percent 
Sample Time Temperature C P E ~  ~eutralization2 
negative serum3 15 min 21°C 100% negative 
(pre-vaccination) 30 100% negative 
60 100% negative 
90 90% negative 
positive serum4 15 min 21°C 50% negative 
(hyperimmune) 30 20% negative 
60 0 P O s m  
90 0 POSITTVE 
sporo;soite control5 15 min 21°C 100% N . D . ~  
30 100% N.D. 
60 95% N.D. 
90 25 % N.D. 
negative serum 15 min 37°C 95% negative 
(pre-vaccination) 30 95 96 negative 
60 95% negative 
90 85% negative 
positive serum 15 min 37OC 70% negative 
(hyperimmune) 30 85 5% negative 
60 10% P O s m  
90 0 POSITIVE 
sporo7mi te control 15 min 37OC 75% N.D. 
30 100% N.D. 
60 100% N.D. 
90 65% N.D. 
1. CPE: Cvtnpa~hic  effect of rhc ST cell nionolnyer. 
2. Ncutrnlim~ion: ns dctcmlincd by thr p c m n t  CPE caused by sporozoites in ST cells. 
Ncgntivc nculrnli~ntion = CPE > 20%; Positive ncutrali7ntion = CPE 5 10%. 
3. Ncgntivc W ~ I J I I I :  guincn pig prc-vnccinn~ion scrunl. pndilulcd 1:8 with spm7oires. 
4. Positive scruril: guincn pig hyprrinlnlunc seruni. prcdilutrd 1:8 sprozoiles. 
5 .  Sporozoitc confrnl: 3 x 104 spc>rr);roitcs pcr wcll in 5% h v i n c  scrum. 
6. N.D.: Not drtcr~tiirird; ncutrsli/ntion cannor hc dctcmlincd in spom7oilc conrrol sample. 
~ t m o s ~ h e r i c  Conditions. 
There was no difference in the propagation of I. suis sporomites in 
cells in the 
presence or absence of 3-596 CW. 
Staininp Procedures. 
- 
~eutra1iz.a tion assays that were fixed 1 hour post-inoculation, stained and read by 
immunofluore.~nce gave comparable results to neutralization assays that were fixed 7 &YS 
post-inwulation, stained with Diff-Quik differential stain and read by cytopathic effect. 
Inhibition of sporozoite penetration of ST cells by immune serum 
antibodies. 
Pre-incubation of I. suis sporozoites for 60 minutes with hyperimmune sem 
generated in guinea pigs and goats completely eliminated infection of ST cells at dilutions 
of 1:16 and 1:32, respectively, while the pre-vaccination sera from both species did not 
prevent infection of the sporozoites in ST cells (Table 4). The guinea pig and goat 
hyperimmune sera IgG antibody titers against oocyst/sporozoite lysate antigen an an 
ELlSA were determined to he 5,120 and 2,560, respectively, while the pre-vaccination sera 
of hoth species gave no reaction on the ELlSq resulting in a titer 120 (Table 4). 
Table 4. Guinea pig and goat serum neutralizing antibody titers vs I. suis sporomites and 
1gG antibody titers vs I. suis oocyst./sporozoite lysate antigen on ELISA. 
Neutralizing Antibody ~ i t e r l  I& Antibody Titer2 vs 
Serum Sample vs Sporozoties Ocxyst,/Sporozoi te Lvsate 
guinea pig pre-vaccination < 2 <20 - - 
guinea pig hyperimmune 16 5,120 
Soat pre-vaccination - c 2 <20 
6 ( ~ l  hyperimmune 32 2,560 
I .  Neutralizing Anlih,dy Titer: The invrw of the serum dilution at which !: & 
sp,ron)ite penetrillion is inhibited in swine leSticular cells. 
2. fgC Antih,dy Tiler: The inverse serum dilution that gives an optical 
"Iue 
>O.?()() at 405 nm i~giiinst ix>cvst/sp,rou,i~e lys~ 'c  antigen on an  El.JS*- 
Inhibition of sporozoite penetration of ST cells by monoclonal antibody 
f lu id .  
Pre-incubation of I. suis sporozoites for 60 minutes with the 2G3-H7 monoclonal 
antibody culture fluid, generated at pass 10, did not completely inhibit the infection of 
sporomites in ST cells, while the same fluid concentrated 10-fold (vlv) completely 
eliminated the infection of the sporozoites in STcells at a 1:4 dilution (Table 5). The 
unconcentrated and 10X concentrated 2G3-H7 monoclonal antibody culture fluids from 
pass 10  had IgG ELISA antibody titers against oocyst/sporozoite lysate antigen of 400 and 
3,200, respectively (Table 5). 
Table 5. 2G3-H7 monoclonal antibody culture fluid neutralizing antibody titers vs I. suis 
sporozoites and IgG antibody titers vs I. suis oocyst/sporozoite lysate antigen on ELISA. 
Neutralizing Antibody ~ i t e r l  IgG Antibody ~ i t e r2  vs 
Monoclonal Antibody vs Sporozoties Oocyst/Sporozoite Lysate 
2G3-H7 culture fluid3 
- c 2 400 
2G3-H7 culture fluid, 10X conc4 4 3,200 
1. Neutralizing Antibody Titer: The inverse of the monoclonal culture fluid dilution at 
which I. suis sporozoite penetration is inhibited in swine testicular cells. 
2. IgG Antibody Titer: The inverse of the monoclonal culture fluid dilution that gives an 
optical density value 20.200 at 405 nm against oocyst/sporozoite lysate antigen on an 
ELISA. 
3. Monoclonal antibody 2G3-H7 culture fluid from in vitro pass 10. 
4.  Monoclonal antibody 2G3-H7 culture fluid in vifro pass 10 concentrated 10-fold (vfv). 
Effect of sow vaccination in the production of neutralizing antibodies in 
milk.  
Experiment 1.  
The sp,rozt,ite neutralizing ant iMy titers and the IgG and IgA ELISA antimy 
titers in the 5 day pst-farrow milk samples from gilts in Experiment 1 are shown in Table 
6. The four gi Its in group A vaccinated orally with three doses of 1. suis ~ y s t s  had 
nculrnlizing ;~ntih,dy titers in their 5 day ~1st-farrow milk ranging from <1 to *, wit h a  
geometric mean titer (GMT) of 18-75, Neither gilt#121 nor #122, vaccinated orally once 
with m y s t s  and intramuscular three times with s~rozoi te  lysate, produced neutralking 
antibodies in their milk 5 days post-farrow. The non-vaccinated gilts of group C, 1 2  and 
#123, had sporozoite neutralizing antibody titers in their 5-day post-farrow milk samples of 
3 and <2, respectively, with a GMT of 1.5. 
Table 6. Experiment 1 sow neutralizing antibody titers vs I. suis sporozoites and IgG and 
IgA antibody titers vs I. suis oocyst/sporozoite lysate antigen on ELISA. 
Gilt Inoculation Neutralizing ELISA Antibody ~iter2 
No. G r o u ~  Antibody ~ i t e r l  Ig Wy) IgA(a) 
118 3 8 32 
119 - <2 8 128 
789 24 8 128 
830 48 8 32 
G M T ~  18 .75  8 .0  80 
121 B~ 
122 
GMT 
82 c5 
123 
G M T  
1. Neutralizing Antibody Titer: The inverse of the milk dilution at which I. suis sporozoite 
wnetration is inhibited in swine testicular cells. 
i. ELISA Antibody Titer: The inverse of the milk dilution that gives an optical density 
value 10.200 at 405 nm against oocyst/sporozoite lysate antigen on an ELISA. 
3. Group A Vaccination: 200,000, 400,000 and 800,000 I. suis oocysts orally at 5 ,3  and 
1 week pre-farrow, respectively. 
4. Group B Vaccination: 200,000 1. suis cxxysts orally at 5 weeks pre-farrow followed by 
intramuscular vaccinations with ~ y s t / s p r o z o i t e  lysate at 4,3,2 and 1 week pre-famow. 
5. Group C Vaccination: Non-vaccinated controls. 
6 .  GMT: Geometric mean titer; determined by calculating the statistical mean of the 
treatment group. 
The p,st-challenge morbidity incidence and mortality data for each litter is given in 
Tahle 7. The litters suckling the gilts of group A had incidences ranging from 22 
to 100% hi111 :l group rnc;ln of 8().5@6 ;lnd litter mort;llitirs ranging frOm 0 to 18% with a 
mean of 7.75%. Pigs suckling the gilts from group B had 100% morbidity and no 
post-challenge. The litters suckling the non-vaccinated gilts of group c had 
morbidity incidences of 90 and 100% with a 95% mean and mortalities of 40 100% 
with a group mean of 70%. 
Table 7. Experiment 1 post-challenge momidity incidence and percent mortality of litters 
suckling vaccinated gilts. 
Gilt Inoculation Litter Morbidity Percent 
No. Group Number lncidencel ~ortalitv2- 
118 5 100% 0 
119 4 22% 0 
789 2 100% 18% 
830 1 100% 13% 
Group ~ e a n ~  80.5% 7.75% 
Group Mean 
Group Mean 
1. Morbidity Incidence = (number of pigs with diarrhea 1 total pigs in litter) x 100. 
2. Percent Mortality = (number of pigs that died from I. suis challenge /total number of 
pigs in litter) x 1 0 .  
3. Group A Gilt Vaccination: 200,000, 400,000 and 800,000 I. suis oocysts orally at 5 , 3  
and 1 week pre-farrow, respectively. 
4. Group B Gilt Vaccination: 200,000 I. suis oocysts orally at 5 weeks pre-farrow 
fc3llowed by intramuscular vaccinations with oocyst/sporozoite lysate at 4 ,3,2 and 1 week 
pre- farrow. 
5 .  Group C Gilt Vaccination: Non-vaccinated controls. 
6. Group M a n :  The statistical mean of each treatment group. 
Experiment 2. 
The sp)rozoite neutralizing antibody titers and the IgG and IgA ELISA antimy 
titers in the 3 day p,st-farrow milk mmplcs from gilts in Experiment 2 are shown in Table 
8. The lllrce gilts in group A \l;\ccin;ltrd three times intramuscular with spOr0Zoia ])'sate 
had neutralizing antibody titers in their 3 day post-farrow milk ranging from <2 to 12, with 
a mean titer o f  5.0. Group B gilts #I93 and #194, vaccinated orally once with oocysts and 
intramuscular three times with sporozoite lysate, had sporozoite neutralizing antibody titers 
in their 3-day post-farrow milk samples of 3 and <2, respectively, with a GMT of 1.5. 
The four non-vaccinated control gilts of group C had neutralizing antibody titers ranging 
from <2 to 3 in their 3 day post-farrow milk, with a mean titer of 2.25. 
Table 8. Experiment 2 sow neutralizing antibody titers vs I. suis sporozoites and IgG and 
IgA antibody titers v s  I. suis oocyst/sporozoite lysate antigen on ELISA. 
Animal Inoculation Neutralizing ELISA Antibody ~ i t e r 2  
No. G r o u ~  Antibodv ~ i t e r l  Ig.G(y) IMa)  
180 3 32 5 12 
182 12 32 32 
183 - c2 32 80 
GMT 
GMT 2.25 2.5 80 
1. Neutralizing Antibody Titer: The inverse of the milk dilution at which I. suis sporozoite 
penetration is inhibited in swine testicular cells. 
2. ELISA Antibody Titcr: The i n v e w  of the milk dilution that gives an optical density 
value 30.2(K) at 405 nm against mystlsporozoite lysate antigen on an ELISA. 
3. Group A Vaccination: 3 intramuxular vaccinations at 5.3 and 1 week pre-farrow with 
myst / spc~rou>i tc  lysiite. 
4. Group B Vaccination: 2OO,OM 1. suis m y s a  orally at 6 weeks pre-farrow followed by 
intramuscular v;lccinntic>ns with trxyst/spc>rc>mite lysate at 5, 3 and 1 week pre-farrow. 
5. Group C Vaccination: Non-vaccinated controls. 
6. GMT: Gcwmctric. mcan titcr; determined by calculating the statistical mean of the 
treatment group. 
n e  post-challenge morbidity incidence and mo&lily data for each litter is given in  
Table 9. The litters suckling the gilts of DOUP A had morbidity incidences ranging from 50 
to 100% w i B  a group mean of 83.3% and litter n~ortalities ranging from 25 to 57% with a 
mean of  40.7%. Pigs suckling the gilts from group B had 10% morbidity md 29% 
morhlity after challenge. The litters suckling the non-vaccinated gilts of group c had 
100% morbidity and mortalities of 38 to 70% with a group mean of 56%. 
Table 9. Experiment 2 post-challenge morbidity incidence and percent mortality of litters 
suckling vaccinated gilts. 
Gilt Inoculation Litter Morbidity Percent 
No. Group Number lncidend  ort tali& 
180 5 50% 25 % 
182 6 100% 57% 
183 7 100% 40% 
Group ~ e a n ~  83.3% 40.7% 
Group Mean 
Group Mean 
1.  Morbidity Incidence = (number of pigs with diarrhea /total pigs in litter) x 100. 
2. Percent Mortality = (number of pigs that died from I .  S U ~ S  challenge /total number of 
pigs in litter) x 100.  
3. Group A Gilt Vaccination: 3 int ramwular  vaccinations at 5 , 3  and 1 week pre-farrow 
with txxyst/sp)rou>ite lysate. 
4. Group R Gil t Vaccination: 200,000 I. suis oocysts orally at 6 weeks pre-farrow 
followed by intramuscular vaccinations with ~ ~ ~ y j t / s p o m z o i t e  lysate at 5 , 3  and 1 week 
pre-farrow. 
5. Group C Gilt Vaccination: Non-vaccinated controls. 
6. Group Mean: The statistical mean of each treatment group. 
DISCUSSION 
An Isosrmra ~ sporozoite neutralizing antibody assay has been developed using a 
swine testicular cell line. The assay was used to demonstrate that I. suis antibodies 
produced in sera, milk and monoclonal antibody culture fluid inhibit the infection of I. suis 
sporozoites in vitro. The assay was also used to determine levels of I, suis neutraliring 
antibodies in post-vaccination milk samples and whether these titers correlated to passive 
protection observed in nursing pigs following an I. suis oocyst challenge. 
EMNE media containing 2 to 5% bovine calf serum was used throughout the 
neutralization and adsorption steps of the assay because the serum assisted in both 
maintaining the viability of the sporozoites and supporting their attachment and penetration 
to ST cells. Fayer et al. (1984) described that after 120 minutes, excysted sporozoites 
failed to penetrate cultured cells due to a depletion of carbohydrate energy reserves. These 
results support the need for the calf serum to be present throughout the neutralization and 
ad.wrption steps in that components in the serum serve as an energy source for the 
s p r o m i t e s  to hecome intracellular. Conversely, after adsorption during the final 
incubation step, i t  was imperative to u-se EMNE basal media without serum because the 
pre.sence of scrum aids in continued division of ST cells resulting in the absenceof 
observable CPE. 
l{yperimmunc serum from guinea pigs and goats vaccinated with I. suis sporozoite 
preparations were evaluated using this sprozoite neutralizing antibody assay. These sera 
completely ncutr;~Iizcd the sp)rc~mites as demonstrated hy lack of observable CPE 
indicating thc pcnctr;ition of  I. suis sp)rozoite$ in ST cells war inhibited (Table 4). These 
results arc similar lo thosc rcpcwted for Eimerin tenella (Crane et al., 1986) and Plasmodium 
spp. (Ray ct ;)I.. 1984; Guo ct nl.. 1984). 
Thr rnonorlon:\l :~n t i l~x ly  ?G3-147. used in the evaluation of the in spomzoite 
neutralizing antibody assay, was specific for the apical complex of 1. suis sporomites as 
determined by indirect immunofluorescence. This monoclonal antibody, similar to that of 
E. acervulina reported by Sasai et al. (1996), inhibited the invasion of I. suis sporozoites in 
-
vitro (Table 5). 
As indicated by the geometric mean titer of Group A in Experiment 1 (Table 6), the 
penetration of I. suis sporozoites into ST cells was inhibited by antibodies produced in milk 
samples from gilts inoculated three times orally with sporulated oocysts. These results are 
similar to those of Doyle et al. (1993) in which colostral antibodies from cows previously 
infected with Cwdosmridium parvum inhibited the penetration of homologous parasites in 
cultured cells. 
The I. suis sporozoite neutralizing antibody assay was used to test milk samples 
from two animal experiments. To determine the effect of passive immunity from the gilts, 
the morbidity incidence and percent mortality for each litter of nursing pigs were calculated 
after the pigs were challenged orally with I. suis oocysts. To determine a correlation 
between prt~tection and sporoznite neutralizing antibody titers, the morbidity and mortality 
data from each litter o r  group (Tables 7 and 9) were compared to the neutral'rzing antibody 
titers (Tables 6 and 8 )  in resjxctive milk samples. There is no apparent correlation between 
the neutralizing nnt ikdy titers of  individual gilts and their respective litter morbidity and 
mortality. Evcn when group gemmetric mean titer, morbidity incidence and percent 
mortality are compared. there is mrrelation to neutralizing antibody titers. 
Antitxldy t itcrs in 3- and 5-&y post-famw milk samples were also determined 
using an 1. suis cuxc.vstisp,rc,zi,ite ELlSA (Tahles 6 and 8). There was no definitive 
cnrrrlation hctwc.cn thc sp~rozoitt. neutralizing antibdy titers and the ELISA Iflor I@ 
antihldy titers in thc d;ay c+~nllengc milk samples in Experiments 1 or 2 (Tabls 6 and 8). 
Fcbr example. tixpcrin~rnt I gilt #830 (Table 6) has a neutralizing antihody liter of 48 with 
an i g h  tiler oS 32 :~nd :in IgG titer of S ,  where:ls in Experiment 2 gill #I80 (Table 8) 
neutralizing antibody titer of only 3 but has an IgA titer of 512 and an IgG titer of 32. It is 
not surprising that there is a discrepancy between the sporozoite neutralking antibody titen 
and  the ELISA IgA and IgG titers since the ELISA is detecting antibodies against all oocysr 
and  sporozoite antigens, while the neutralizing assay is detecting only the antibodies 
involved in inhibiting sporozoite attachment and penetration. Similar to the neutralizing 
titers, there is no correlation between ELISA antibody titers in milk samples and litter 
morbidity incidence and percent mortality in nursing pigs following challenge. 
Even though the results of Experiments 1 and 2, indicate no correlation between 
neutralizing and ELISA antibody titers in day of challenge milk samples and protection 
against the clinical manifestations of an I. suis m y s t  challenge, it is apparent that there 
may b e  other factors present aiding in the protection of the pigs suckling gilts that have 
been vaccinated with I .  suis. First, it  is likely the gilts had previously been exposed to a 
natural I -  suis infection which may have resulted in the development of protective 
antibodies to either the endogenous stage or sexual stage of the parasite's life cycle. It is 
p s i h l e  that the protective antitodies are against merozoites (type I and type II) because 
this stage is prewnt for 2 lo 5 days during the infection which may be long enough to elicit 
an a n t i b d y  response. Conversely. sporozoites are present only for a few hours before 
becoming intr;lcellul;ir, which may not be long enough to elicit a good immune response. 
I f  meron>ite ncutr;llizing antibodies are present, then the infection would be allowed to 
p r t ~ e e d  from excyst;ition. through sp>rou>ite attachment and penetration, to the 
endogenous dcvelopmcnt of the meromites. After the meromites are released into the 
intestinal lumcn. mntcrn:il antihtxlies would neutralize and prevent merozoite infection. 
Second, the antik,clics prcscnt in milk sqmples against the mcyst/sporozoite antigen, as 
determined by I.I,ISA, arc not ncutrnlizing but may assist in the destruction of the parasite 
prior 10 infection of the. gut cpitlic*li:il c.clls. These antitdies may mat the intestinal rnucosa 
of t h ~  pigs. thos irlhil~i~ing :~tt:,chlllcnt :ind pcnctr;\tit,n of the sp>~~zoites .  Finally. the small 
siz of the treatment goups is a good ~ssibi l i ty  for the lack of correlation betwcen 
neutralizing or ELISA antibody titers and protection against I. s u i ~  infection. 
This -- I. suis sporozoite neutralizing antibody assay measures the level of 
neutralizing antibodies Present in sera, milk and monoclonal antibody culture flu{& and 
m a y  benefit both pharmaceutical companies involved in the development of Imsmra suis 
- 
vaccines and diagnostic lalmratories in monitoring outbreaks and collecting epidemiology 
information. However, as determined from vaccination-challenge animal experiments, the 
sporozoite neutralizing antibodies present are not necessarily protective and the absence of 
neutralizing antibodies does not necessarily imply lack of protection. 
CONCLUSION 
An in vitro I sosp ra  suis sporozoite neutralizing antibody assay has been developed 
in swine testicuiar cells. The assay is performed in 96-well microtiter plates with confluent 
Sf cell monolayers. I. suis sporozoites are excysted from purified oocysts, resuspended to 
a concentration of 4 to 8 x 105 sporozoites per milliliter in EMNE containing 2 to 5% 
bovine calf serum, and incubated with pre-diluted antibody samples for 60 minutes at 
37°C. Neutralized sporozoites are inoculated at  0.05 ml per well, in duplicate, on STcells 
and adsorbed at 37°C for  60 to 90 minutes. Following adsorption, ST cells are rinsed with 
EMNE and incubated at 370C in a 3 to 5% C02 atmosphere. lntracellular sporowites may 
be stained and read by i "direct immunofluorescence after one hour incubation or stained 
wi th  Diff-Quik (Bnxter) differential stain after incubation for 6 to 8 days and read by 
cytc,pathic effect (CPE). This assay measures the level of neutralizing antibodies present in 
sera ,  milk and monoclonal antibody culture fluids by measuring both the level of 
intr;~ccllul;~r slx,n,n>ites by immunotluorermce and the amount of CPE in ST cells. A 
m()noclon:ll ;~ntibody as:linst the complex of 1. suis sp~mzoites inhibits infection of 
sporozoites in vitro and hyperimmune sera produced in goats and guinea  pi^ inhibits 
sporozoite infection in ST cells. Milk samples from gilts vaccinated with I. suis contained 
-- 
neutralizing antibodies, however the titers did not correlate with protection observed in 
nursing pigs after challenge. 
ADDENDUM 1 - Media Recipes 
Phosvhate-Buffered Saline. DH 7.2 
8.6 mM Na2HC03 
3.4 mM NaH2C03 
168 mM NaCl 
pH to 7.2 with 20% HCI or ION NaOH 
Sheather's Sugar Solution 
667.6 g Sucrose 
8.8 ml Formaldehyde 
q.s. to 1 L with dH20 
Bovine Calf Serum, Defined. 
HyClone Laboratories, Inc., Logan, Utah. Cat. # A-2111-L. 
EMNE - Earle's Salts Minimum Essential Medium with Non-Essential Amino Acids. 
Irvine Scientific, Santa Ana, California. Cat. # 9478. 
1L EMNE 
2.0 mM Lglutamine 
10 mM Sodium pyruvate 
0.05-0.20 mglml gentamicin 
2.2 mg/ml sodium bicarbonate 
100 mM Hepes 
pH to 7.2 to 7.4 with ION NaOH or IN HCl 
if indicated 0.025 mglrnl trypsin 
0.10 mglml DEAE Dextran 
DMEM - Dulbecco's Modified Eagle's Medium. High - Glucose. 
HyClone Laboratories, Inc., Logan, Utah. Cat. # B-1006-BB. 
1 L DMEM 
3.7 rnglml sodium bicarbonate 
0.20 mglml gentamicin 
100 mM Hepes 
pH to 7.2 to 7.4 with ION NaOH or IN HCI 
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